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Dynamics of Yamamoto-type poly(para-phenylene)[PPP] was investigated by differential scanning
calorimetry(DSC) and proton solid-state NMR relaxation spectroscopy. The DSC chart shows the
baseline jump without latent heat at 295K, which is due to the glass transition of the polymer.
From the variable temperature proton longitudinal relaxation time(T1) measurements, relatively
short T1 is observed over the wide temperatures range from 250K (closed to Vogel-Fulcher-Tamman
temperature) to 360K, inferred the existence of cooperative critical slowing down associated with the
glass transition. The frequency dependence of proton longitudinal relaxation time at 295K shows
R1 ∼ ω
−0.5 dependence, which is due to the one-dimensional diffusion-like motion of the backbone
conformational modulation. The frequency dependence is held at least up to 360K. From these
experiments, we were able to observe the twist glass transition of the backbone of PPP, of which
critical dynamics has a universality class of the three-dimensional XY model.
PACS numbers: 82.35.Cd,82.56.-b,76.60.-k
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dynamics
I. INTRODUCTION
”Conformon” is known as one of elementary ex-
citations concerning molecular structure.1 The quasi-
particle in pi-conjugated polymers has been of par-
ticular interest because static and dynamical aspects
of the quasiparticle can closely be related to the
electronic and optical properties of the polymers.
Poly(para-phenylene)[PPP] is one of the polymers on
which extensive studies have been conducted for phys-
ical properties, because of its potential functionali-
ties such as electrical conduction or optical applica-
tions (electrical conductivity2, rechargeable battery3,4,
electrorheology5,6,7,8,9,10, electroluminescence11,12). In
spite of extensive studies, however, even molecular and
crystal structures have not been established yet.
Particular attention has been devoted to the phase
transition of pi-conjugated small molecules which have
the incommensurate (IC) phase (such as biphenyl13,14,
dichlorobiphenylsulphone15, etc.). In these phases, dis-
ordered crystals show the long range breaking of the
lattice periodicity. Therefore the wavelength of the
modulation is not an integral multiple of the unit cell,
which means that translational symmetry is lost. In
most incommensurate crystals, power-law temperature
and frequency dependences on 1H longitudinal relax-
ation time were observed.13,15 Furthermore, the relax-
ation rate rises dramatically around the transition tem-
perature Ti. This is due to the fact that the longitudinal
relaxation is controlled by low frequency excitations of
the collective phase modes (phasons) of the order pa-
rameter(i.e., backbone twist) corresponding to the criti-
cal slowing down of molecular motion accompanying the
phase transition.13,15,16
As far as pi-conjugated polymers are concerned, al-
though it is well known that pi-conjugated polymers
shows discommensuration(so-called soliton) by carrier
doping,17 there have never been reported to confirm the
existence of incommensurate modulations as a purely,
molecular structural problem. Recently, we have investi-
gated the dynamics of the conformon in a regio-regulated
pi-conjugated polymer and found the existence of modu-
lation waves of backbone twist in its quasiordered phase
which coexists with the crystalline phase in association
with the order-disorder phase transition.18 Although it
is still unclear whether the modulation waves are in-
commensurate, the waves show anomalous dispersion of
which the group velocity is approximately 107 time larger
than the phase velocities.
In this article, we shall give attention to the con-
formon in a pi-conjugated polymer glass and investi-
gate the critical dynamics of twist glass transition in
poly(para-phenylene)[PPP] mainly by nuclear magnetic
resonance(NMR) relaxation spectroscopy, which deal
with the frequency dependence of NMR relaxation rate
in order to obtain information about dimensionality of
the correlation function or spectral density function of
fluctuations of local fields in a sample. So far various
glassy polymers have received much attention because
of their unique visco-elastic properties. While the great
amount of publications concerning glassy polymers have
been devoted to conventional engineering plastics or elas-
tomers with a flexible backbone,19,20,21,22,23 few publica-
2tions have been available for dynamics of glass transition
in needle-like or plate-like polymers with rigid backbone
such as pi-conjugated polymers.
Among various methods for the preparation of PPP
(the Kovacic method28, the Yamamoto method29,30,31,32,
the biotechnology-based method33,34, the electrolytic
polymerization method35), organometallic dehalogena-
tion polycondensation of 1,4-dihalobenzene, particularly
using zero-valent Ni complex32, affords PPP with well-
defined linkage between the monomer units(para-form;no
branches and cross-linked structures), and therefore the
Yamamoto-type is suitable for detailed investigation of
dynamics of PPP. The x-ray diffraction study of the
powder sample indicates that two molecular chains are
packed in an orthorhombic unit cell (a = 0.779 nm;
b = 0.551 nm).36 The molecular conformation is not
strictly planar; namely, there is a twist between adja-
cent phenylene-ring planes in a molecular alternate with
an angle of approximately 20◦.
II. EXPERIMENTS
A. Materials
PPP was prepared by dehalogenation polyconden-
sation of 1,4-dihalobenzene with a zero-valent nickel
complex32. From the conventional element analysis, the
present PPP contains 2.7 % bromine. From the value
of bromine content, we estimated an average molecular
weight of 2960 (DP (degree of polymerization) = 38) and
5930 (DP = 76), if one polymer chain has bromine at one
terminal unit and at both terminal units, respectively.
B. DSC Measurements
DSC thermograms of PPP were recorded on a Seiko
DSC 220 system connected to a SSC5300 workstation.
The heating rate is 10 K/min. After the first heating
scan, the sample was rapidly quenched by liquid nitrogen
and then heated again at the same rate.
C. Solid-state NMR Measurements
We carried out variable temperature 1H longitudi-
nal relaxation time (T1) measurements with variable
frequency condition. We used the saturation-recovery
method for longitudinal relaxation time (T1H) measure-
ments at 1H resonance frequencies of 25 MHz (0.59
Tesla), 270 MHz (6.34 Tesla), and 400 MHz (9.4 Tesla)
and the spin-locking method for longitudinal relaxation
time in the rotating frame of a radio frequency field (T1ρ)
measurements at 1H resonance frequency of 400 MHz
with varying temperature. Varian UnityINOVA400 FT
NMR spectrometer (the spectral width of 500 kHz) was
used for 9.4 Tesla experiments. JEOL GSX-270 FT NMR
spectrometer (the spectral width of 100 kHz) was used
for 0.59 Tesla and 6.34 Tesla experiments. For T1ρ mea-
surements on a wide range of radio-frequency (rf) field,
we made a home-built probe with a solenoid type micro-
coil with a radius of about 1 mm and a length of about
5 mm. The intensity of rf field was over the range from
16 kHz to 106 kHz.
III. RESULTS AND DISCUSSION
A. DSC Measurements
The thermal property of PPP was examined by DSC
(Fig.1). The thermograms indicate that for PPP there
is a specific heat jump without latent heat near 295 K.
The jump is due to a phase transition of the second kind
in the crystalline PPP or due to a glass transition in the
amorphous PPP.
The heat capacities of crystalline PPP oligomers (DP
= 3, 4, 5, 6) have been measured by calorimetry37. The
thermal anomalies with latent heat were detected and
attributed to a phase transition, through which an av-
erage molecular conformation changes from the planar
to the twisted one on cooling. Such a finite torsional
angle results from the balance between the stabilizing
force of conjugation of the phenyl rings and the repul-
sion between nearest ortho-hydrogens, and this situation
induces existence of a double-well potential within the
molecule. For molecules with larger degrees of polymer-
ization, a twist phase transition of the order-disorder type
will bring about a thermal anomaly with latent heat. It
can therefore be said that the twist phase transition will
not exist in the crystalline portion of PPP. This is con-
sistent with the fact that the temperature of the ther-
mal anomaly we detected(295K) is much lower than that
predicted for the polymer by the adiabatic specific heat
measurement(395K±10K)37.
It is widely accepted that PPP is a thermally and ther-
mooxidatively stable material38,39,40. Hence, it seems to
be difficult to regard the thermal anomaly as a conven-
tional glass transition in the amorphous PPP. In order
to clarify the thermal anomaly, we performed the nuclear
spin relaxation measurements in the following.
B. 1H Spin-lattice Relaxation Time Measurements
Fig.2a shows a typical profile of the longitudinal mag-
netization as a function of recovery time. The conven-
tional saturation recovery method was used. We ob-
served the signal recovery as a single exponential of the
first order, but the prefactor was less than unity. For
relaxation with two components, the recovery of magne-
tization is expressed by the following biexponential func-
tion.
M0 −M(τ)
M0
= Afaste
−τ/T f
1 +Aslowe
−τ/T s
1 (1)
3If one component relaxes too fast to detect by the NMR
receiver, the first term of the r.h.s. of Eq.1 is omitted
and Eq.1 is reduced to
M0 −M(τ)
M0
= Aslowe
−τ/T s
1 . (2)
Fig.2b shows the variation of the fraction of slower com-
ponent, Aslow, as a function of temperature. For the
temperatures from 295K up to 430K, the fraction was
decreased as an increase of temperature. For over 430K,
we detected the sudden jump of Aslow, probably due to
the annealing effect of the polymer. In general, mo-
bile unpaired electrons in pi-conjugated polymers can af-
fect nuclear spin relaxations while trapped unpaired elec-
trons does not affect the apparent nuclear spin relax-
ations, because the hyperfine interaction with trapped
electron can be too strong to detect the nuclear spin sig-
nal by the conventional method. Further, an increase of
temperature causes decrease(increase) of concentration
of trapped(mobile or untrapped) unpaired electron in pi-
conjugated polymers, and then causes increase of Aslow
if the relaxation is occurred by electron. Since the oppo-
site phenomenon was observed in reality, the slower re-
laxation is not attributed to the relaxation by unpaired
electrons, but due to molecular dynamics of sites without
unpaired electron. By the variable temperature longitu-
dinal relaxation experiments(vide infra,Fig.3), the slower
relaxation is found to be due to fluctuations of the local
field by molecular dynamics. On the other hand, the non-
observed component with a faster relaxation(T f1 > 10
4s)
may be attributable to temporal fluctuation of the hy-
perfine interaction with the mobile unpaired electron.
Fig.2c shows the typical decay profile for the pro-
ton longitudinal relaxation measurements by the conven-
tional spin-locking method.41 First, the decay profile was
biexponential, which can be originated from two possibil-
ities; one is spatially heterogeneous distribution of mo-
bile(untrapped) electrons and the other is structural het-
erogeneity by the crystalline/amorphous duality. Since
much faster relaxation rate would be expected for T1ρ
than T f1(> 10
4s) in a case of relaxation by mobile un-
paired electrons, the first possibility can be ruled out. For
the results of T1ρ, we assigned the faster as the relaxation
derived from the amorphous and the slower as from the
crystalline portion. This is consistent with the tendency
of the crossover from one-dimensional fluctuation in the
crystalline portion to the higher dimension;namely, the
relaxation rate becomes almost insensitive to the smaller
ω.42 On the other hand, the amorphous portion pre-
serves the one-dimensionality in the fluctuation of the lo-
cal field. The recovery with the single exponential found
in the T1 recovery(Fig.2a) is due to the
1H-1H spin diffu-
sion between the crystalline and amorphous portions;in
other words, if the spin diffusion were not there the in-
trinsic relaxation rate for the amorphous portion would
be much larger than that for the crystalline portion.
The 400 MHz 1H longitudinal relaxation rate (T−11 )
as a function of temperature is shown in Fig.3. The in-
crease of T−11 was observed over the wide temperature
range from 250K to 360K, which is due to the critical
fluctuation associated with the transition.
The 1H longitudinal relaxation rate (T−11 ) at 295K as a
function of the frequency is shown in Fig.4(a). The relax-
ation rate shows the dependence of T−11 ∝ ω−0.5. From
the fact that the decay profile of the proton longitudinal
relaxation shows the single exponential of the first or-
der(Fig.2), we could not straightforwardly attribute the
frequency dependence of T−11 to the distribution of cor-
relation time(τc). This relationship between T
−1
1 and
ω is also in disagreement with that predicted from the
classical BPP theory43. The BPP theory in which a fluc-
tuation of local field is described as Lorentzian gives the
following spectral density function,
J(ω) =
τc
1 + (ωτc)2
(3)
∼ 1
ω2τc
(if ωτc ≫ 1). (4)
In the region where T1 depends on frequency (ωτc ≫ 1),
the relation T−11 ∝ ω−2 should be realized. Therefore an
alternative correlation function should be considered in
order to explain the dependence obtained by our experi-
ments.
So far there are several reports that show the ω−1/2
dependence of T−11 . The ideas of theories are roughly
classified into two categories. First, with assuming exis-
tence of an incommensurate phase, appropriate dynami-
cal susceptibility of the classical damped harmonic oscil-
lator type for phason branch leads to the ω−1/2 depen-
dence of longitudinal relaxation rate44,45. At the same
time, the theory also derives positive proportionality of
T−11 to temperature. Then, this theory can be ruled out,
because a decrease of T−11 was observed with an increase
of temperature as shown in Fig.3.
The second theory describes the dynamical susceptibil-
ity based on a one-dimensional random walk model (de-
tails of this model are given by the reference). More gen-
erally, the frequency dependence of T−11 is different for
one-, two-, and three-dimensional diffusive motions46,47,
1D: T−11 = Aτ
1/2
c ω
−1/2 (5)
2D: T−11 = Bτc ln(ω) (6)
3D: T−11 = Cτc − Eτ3/2c ω1/2. (7)
The proportionality constants A, B, C, and E depend
on the particular model of hopping motion on a given
network of atomic sites. It is clear from Fig.4 that one-
dimensional diffusive motion exists in PPP at our mea-
suring frequencies. The following equation is obtained as
a conclusion;
T−11 =M2f(ω) (8)
f(ω) =
1√
2
τ1/2c ω
−1/2 (if ω < τ−1c ), (9)
4where f(ω) is the correlation function, τc is the correla-
tion time identical to the inverse of the diffusion rate, and
M2 is the second moment of the interaction that affects
the relaxation.
In the case of undoped trans-polyacetylene, one-
dimensional electron hopping affects 1H longitudinal re-
laxation time48,49. It is difficult in the present study to
estimate the second moment by taking into account elec-
tron spin-spin interaction and hyperfine contribution, be-
cause density of free electron is not known. If mobile elec-
trons govern the T1 measurements, the relaxation rate
should become larger with an increase in temperature49.
As shown in Fig.3, such a dependence was, however, not
observed for PPP, leading us to the assumption that the
spin relaxation is dominated by not electron spins but
fluctuation by molecular motions; here, one-dimensional
diffusive(or propagating) motion of backbone twist is the
most plausible candidate. Moreover, the 1H longitudi-
nal relaxation rate (T−11 ) at 303K, 333K, and 363K as a
function of the frequency are shown in Fig.4b-d, respec-
tively. The relaxation rates in this temperature range
show the dependence of T−11 ∝ ω−0.5. Therefore we can
say that in the wide temperature range including 295 K
there are the one-dimensional diffusion-like twist motion
of phenylene rings along the chain.
C. 1H Spin-lattice Relaxation Time and
Correlation Time
If the diffusive motion keeps one-dimensionality in our
measuring temperature range,
(T−11 )
2 ∝ τc (10)
is valid from Eq.8. As Fig.5 shows, the correlation time
in the temperature range above 295 K follows the Vogel-
Fulcher-Tamman equation50
(T−11 )
2 ∝ τc = τ0 exp
(
B
T − T0
)
(11)
where B is constant and the Vogel-Fulcher-Tamman tem-
perature (T0) is found to be 255.4 K. The temperature
T0 is usually determined by analyzing the temperature
dependence of the correlation time τc of the so-called α
process using the Vogel-Fulcher-Tamman equation. The
Vogel-Fulcher-Tamman temperature T0 is observed at
roughly 50 K below Tg for most amorphous polymers
51.
Therefore, taking into account of three factors: (i) the
specific heat jump without latent heat near 295 K, (ii) the
one-dimensional diffusion-like twist motion in the wide
temperature range including 295 K, and (iii) the correla-
tion time following the Vogel-Fulcher-Tamman equation
in the temperature range above 295 K, we can explain
that within the amorphous PPP the twist motions be-
tween adjacent phenyl rings are frozen at below 295 K
without thermodynamic stability.
There is an interesting prediction to check our expla-
nation. For hard ellipsoids of revolution M.Letz et al.
have calculated the phase diagram for the idealized glass
transition52. They obtained three types of glass transi-
tion line. The first glass transition is the conventional
one for spherical particles driven by the cage effect. At
the second transition, which occurs for rather nonspher-
ical particles, a glass phase is formed that consists of
domains. Within each domain there is a nematic order
where the center of mass motion is quasiergodic, whereas
the interdomain orientations build an orientational glass.
The third transition line occurs for nearly spherical el-
lipsoids where the orientational degrees of freedom with
odd parity, e.g., 180◦ flips, freeze independently from the
positions. Again, it is widely accepted that PPP is a
thermally stable material38,39,40. In our experiments, a
conventional glass transition dominated by the cage ef-
fect was unable to exist because of high thermal stability
of PPP, whereas a glass transition caused by frozen order
parameter relating to the twist motions between adjacent
phenyl rings can occur far below the conventional glass
transition temperature.
One thing we must stress is the fact that whereas
the temperature dependence of T−11 shows the typi-
cal Vogel-Fulcher-Tamman behavior, the decay profile
of longitudinal relaxation measurements (Fig.2) did not
show any evidences to the existence of heterogeneity of
the glassy structure, namely, distribution in correlation
time. In most glassy solids, distribution in the corre-
lation time was realized and accounded by modifying
the correlation function with the extended exponential
function(Kohlrausch-Williams-Watts function)53 or by
using modifying the spectral density function with Cole-
Cole,54 Cole-Davidson,55 Havriliak-Negami types,56 and
so on. From Fig.3, the critical slowing down was observed
at temperature over the range from Tg to Tg+20. This in-
dicates that the structural relaxation rate(τ(0)−1 ∼ τ−1c )
is smaller than the resonance frequency(400MHz); in-
deed, more precise estimation of τ(0)−1 is presented in
Fig.6. The existence of the slower structural relaxation
rate than the resonance frequency we used in this pa-
per, must induce a singularity at the angular frequency
of ω = τ(0)−1 in the spectral density function, which
should lead to the change in the power law. We did
not observed such a change over the entire temperature
range we made measurements;instead, the ω−1/2 depen-
dence was almost preserved. We describe the alternative
explanation for the preservation of the power law in the
following.
Assuming the one-dimensional fluctuation instead of
the isotropic one (Debye model) and distribution of the
correlation time, the spectral density function with a dis-
crete correlation time distribution becomes to be the fol-
lowing form:
f(ω) =
1√
2
(p0τ
1/2
0c + p1τ
1/2
1c + · · · )ω−1/2 (12)
=
1√
2
{
∑
i
piτ
1/2
ic }ω−1/2, (13)
where pi is a probability of which structural relaxation
5time is τic.If the correlation time distribution is continu-
ous,
f(ω) =
ω−1/2√
2
∫
∞
0
p(τ)τ1/2dτ, (14)
where p(τ) is a continuous version of pi. From Eq.14,
the ω−1/2 law is preserved irrespective of the structural
heterogeneity and the 1H-1H spin diffusion, by virtue of
separation of variables, ω and τ . This situation is realistic
when the one-dimensional modulation waves of backbone
twist in PPP has a dispersion.
D. 1H Spin-lattice Relaxation Time and Critical
Behavior
Although the validity of the concept of dynamic scal-
ing in glassy solids is a controversial problem in mod-
ern physics, it would be meaningful to investigate the
critical dynamics of glass transition by using knowledges
obtained by studies of the second order phase transition.
In this section, we analyze the results of the longitudi-
nal relaxation time by a theory originally developed for
incommensurately modulated solids.16 Here, we restrict
ourselves only to make brief introduction of the theory.
By assuming a direct relaxation process of the nuclear
spin system for the case in which the relaxation mecha-
nism is due to the order parameter fluctuations and by
considering the classical fluctuation-dissipation theorem,
one can derive the critical contribution from the follow-
ing:
1
T1cr
∝W1 ∝ T
∑
k
χ′′(k, ω)
ω
, (15)
where k = q − qp is the reduced wave vector and qp is
the wave vector of the periodicity of the polymer chain.
Here assuming that the amorphous portion of the poly-
mer has the plate-like, linear conformation because of the
relatively small molecular weight (DP=38-76), it can be
thought that there exists the structural periodicity along
the chain. This assumption seems to be adequate because
the one-dimensional fluctuation is observed by the fre-
quency dependent longitudinal relaxation measurements.
If we think a model system of interacting pseudospins in
which the interaction of the spins with the lattice vi-
brations induces backbone twist of the phenylene ring of
PPP, the dynamical susceptibility can be written in the
following:57,58
χ(k, ω) =
χ(k, 0)
1 + iωτ(k)
, (16)
where χ(k, 0) is the static order parameter susceptibil-
ity. χ(k, 0) depends on the wave vector according to a
generalized Ornstein-Zernike representation16
χ(k, 0) =
χ(0, 0)
1 + (kξ)2−η
, (17)
where ξ is the correlation length. In the critical region,
it depends on the temperature with a critical exponent ν
(ξ ∝ |T −Tg|−ν). η is a critical exponent defining a small
correction from the Ornstein-Zernike behavior at the
glass transition. Supposing the validity of the van Hove
theory for critical dynamics, we can obtain the following
formula for the fast motion regime (Ω = ωτ(0)≫ 1):
1
T1cr
∝ T 2eEa/kBT χ
2(0, 0)
ξ3
. (18)
Since it may be assumed the critical behavior of the
quantities ξ and χ(0, 0) to diverge as (T − Tg)−ν and as
(T −Tg)−γ near Tg, respectively, the temperature depen-
dence of the critical behavior is reflected by the critical
exponent ζ = 2γ − 3ν. Therefore, the final formula can
be obtained in the following:
1
T1cr
∝ T 2eEa/kBT (T − Tg)−ζ . (19)
where Ea is an activation energy for Arrhenius-type ther-
mally activated process without interaction and the other
symbols are the usual meaning. For the slow-motion
regime (Ω ≪ 1), the 1/T1cr will become temperature
independent.
The temperature dependence of 400MHz 1H T1 is
shown in Fig.3 over a broad temperature interval includ-
ing Tg. Since the
1H longitudinal relaxation is mainly
dominated by nuclear magnetic dipole interaction, we
supposed non critical background relaxation mechanism
by a two-phonon Raman process as a negligible effect.59
Therefore, the critical relaxation rate 1/T1cr can be eval-
uate from the T1 data (1/T1 ≈ 1/T1cr) for a wide range
of temperature above Tg.
The prefactor T 2 exp(Ea/kBT ) in Equation (19) de-
pends noncritically on the temperature. In the case of
PPP, Ea corresponds to the activation energy to pro-
mote the molecule from a nonplanar to a planar state.
S.Guha et al. obtain an activation energy Ea = 0.04
eV for para hexaphenyl via Raman scattering60. They
also calculated Ea from the difference in internal en-
ergy between the planar and nonplanar configurations
of a biphenyl molecule60. The Hartree-Fock method
yields Ea = 0.145 eV compared to the density functional
method which yields Ea = 0.089 eV. From the energy
calculation of a PPP chain in the reference61 it is ob-
served that Ea = 0.065 eV. The calculated values for the
activation energy are higher for two reasons: biphenyl
is shorter than hexaphenyl and calculations for both
biphenyl and PPP chain are done for isolated molecules,
where we expect the planarizing forces to be weaker than
for hexaphenyl which is an ensemble of long molecules in
a surrounding environment. Therefore in the sample of
PPP (DP = 38 ∼ 76) we uesd the activation energy Ea is
likely to become smaller than 0.04 eV. Thus, the critical
temperature dependence of T1cr can be represented by a
critical exponent ζ according to
1
T1cr
≈ 1
T1
∝ T 2(T − Tg)−ζ . (20)
6Here, we omit the prefactor exp(Ea/kBT ) which has a
negligible effect on the fit value ζ in a temperature inter-
val above Tg.
Figure 6 shows the critical temperature dependence of
T1cr (≈ T1). At temperatures from Tg to Tg+10 the
slow-motion limit behavior is observed, where T1T
2 is
temperature independent. Over Tg+20 one reaches the
fast-motion limit, where T1T
2 become to show a power
law with a critical exponent ζ = 0.66. For T > Tg+60 the
value of T1T
2 show a steeper increase with an increase
of temperature. This effect is similar to that observed
by Decker et al.16 and may be due to the decrease of the
correlation length with an increase of temperature.
This value for the experimental critical exponent ζ =
0.66 can be compared with the theoretical exponent ζ =
0.663 for the three-dimensional XY model derived from
an elaborated field-theoretical model that goes beyond
the mean-field approach62.
The critical exponents ζ = 2γ − 3ν derived for the 3D
Ising, XY, and Heisenberg models are 0.5904 ± 0.0042,
0.6241 ± 0.0054, and 0.6570 ± 0.0057, respectively63.
However, the critical exponent ζ = 0.66 derived above
from our experiments differs from the prediction of the
3D XY model. Thus, the applicability of both other mod-
els cannot be strictly ruled out.
The relaxation time τ(0) of the order parameter can
be derived by following equation16
(
T1
T fml1
)2
=
1
2
(
√
Ω2 + 1 + 1). (21)
For T1T
2 we employed the experimental data in Fig.6
while T fml1 T
2 is calculated by using the line A. In Fig.6
also the order parameter relaxation frequency (2piτ(0))−1
calculated by using Eq.21 is plotted versus (T − Tg) on
a double logarithmic scale. The straight line B is a fit of
the data to a power law yielding a critical exponent of
zν = 1.32, which fits very well to the static susceptibility
exponent γ = 1.3160 ± 0.0012 predicted for the 3D XY
model63. Comparison with the corresponding theoretical
γ values for the 3D Ising and Heisenberg models, 1.2402
and 1.3866, respectively. From the above analysis, the
3D-XY model is a plausible universaility class for the
critical dynamics of twist-glass transition in PPP.
IV. CONCLUSION
Dynamics of Yamamoto-type poly(p-phenylene)[PPP]
was investigated by differential scanning calorime-
try(DSC) and proton solid-state NMR relaxation spec-
troscopy. The DSC chart shows the baseline jump with-
out latent heat at 295K, which is due to the twist glass
transition of the polymer. From the variable temper-
ature proton longitudinal relaxation time(T1) measure-
ments, we observed relatively short T1 over the wide
range from 250K (closed to Vogel-Fulcher-Tamman tem-
perature) to 360K, inferred the existence of cooperative
critical slowing down associated with the glass transition.
The frequency dependence of proton longitudinal relax-
ation time at 295-363K shows R1 ∼ ω−0.5 dependence,
which is due to the one-dimensional diffusion-like motion
of the backbone conformational modulation. The depen-
dence indicates that closed to Tg from the higher temper-
ature the cooperative rearrangement region(CRR) grows
in the one-dimensional manner. From the pseudospin
argument, the 3D-XY model is a plausible universality
class for the critical dynamics of twist-glass transition
in PPP. This research is an example that have obtained
the information about the universality class of twist-glass
transition found in pi-conjugated polymers.
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FIG. 1: DSC charts for a powder sample of PPP. The heating
rate was 10 K/min. After the first heating scan, the samples
were quenched by liquid nitrogen.
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FIG. 2: A typical saturation recovery profile for PPP obtained
by 400 MHz 1H longitudinal relaxation time measurements at
295K(a) and the temperature dependence of the fraction of
the longer relaxation time(b). The shorter fraction was not
able to be detected because of slower analog-digital conver-
sion rate than the relaxation rate. A typical decay profile for
PPP obtained by 400 MHz 1H longitudinal relaxation time
measurements in the rotating frame at 295K(c)
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FIG. 3: The temperature dependence of 400 MHz 1H longi-
tudinal relaxation rate. Dotted arrow indicates 295 K. Solid
arrows indicate 303K, 333K, and 363K.
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FIG. 4: The frequency dependence of 1H longitudinal relaxation rate at 295K (a), 303K (b), 333K (c), and 363K (d). The solid
lines of the ω−1/2 dependence is shown as a guide for eyes.
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FIG. 5: The plot of 400 MHz 1H longitudinal relaxation rate
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1
)2 as a function of 1000/T. When one-dimensional diffu-
sion is responsible for the behavior of T−1
1
, (T−1
1
)2 is propor-
tional to τc.
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FIG. 6: The plot of T1T
2 as a function of T − Tg (right
scale). Moreover, the plot of the order-parameter relaxation
frequency (2piτ (0))−1 as a function of T − Tg (left scale).
